MMD is poorly understood, and guidelines for the standard treatment of MMD have still not been constituted.
Moyamoya disease appears to be relatively rare in Western countries. In Asia, however, it is a common cause of stroke in patients younger than 50 years. Recently, more and more cases of MMD have been detected in China. According to recent data, the incidence of MMD in the Chinese population does not seem to be any lower than that in the Japanese population. 20 However, there is a lack of reports regarding the clinical characteristics, natural history, and long-term outcome of patients with this condition in the Chinese population. Here, we retrospectively review the demographic data, clinical features, treatments, and long-term outcomes of patients treated at our institution over the past 25 years.
Methods

Patient Selection
Patients with a clinical diagnosis of MMD were identified from the database of our Cerebrovascular Neurosurgery Center from January 1984 to December 2010. Cerebral digital subtraction angiography or MR angiography was carried out for all the patients. The diagnostic criteria for MMD were based on the guidelines reported in 1995 by Fukui: 7 1) stenosis or occlusion of the terminal internal carotid and the proximal middle and anterior cerebral arteries and 2) unilateral or bilateral involvement. Patients with any other disease that might explain the arterial steno-occlusive disease were excluded.
Retrospective Chart Review
This study was approved by the Beijing Tiantan Hospital Research Ethics Committee. We reviewed the clinical records, including hospital charts, clinic notes, and radiographic data. At initial presentation, we noted baseline stroke risk factors, including hypertension, cerebral aneurysm, familial MMD, hyperlipidemia, diabetes mellitus, hyperthyroidism, hypertensive heart disease, significant alcohol and/or tobacco use, oral contraceptive use, and parental stroke history. Until now, there have been no clear guidelines for the surgical treatment of MMD; therefore, in our series, the selection of surgical treatment for MMD was based mainly on 3 criteria (nonemergency status, symptoms of ischemia or hemorrhage, and the patient's condition warranting surgery), whereas decisions to perform revascularization procedures were based on the age of the patients and the condition of the intra-and extracranial arteries. According to the treatments, patients were categorized as having had conservative treatment or revascularization surgery. Revascularization surgery included bypass of the superficial temporal artery to the middle cerebral artery (STA-MCA), encephaloduroarteriosynangiosis (EDAS), multiple bur holes, and carotid artery adventitial denudation (also known as bilateral cervical perivascular sympathectomy, which was first reported by Suzuki et al. for the treatment of children MMD 23 ).
Clinical Follow-Up
For each patient, an outcome assessment was performed using the modified Rankin Scale (mRS) at discharge and follow-up. CT perfusion or SPECT was used to assess the changes in cerebral blood flow of patients in the surgical revascularization group at the 1st and 3rd postoperative months. The average radioactivity was calculated, and cerebellar blood flow was used as the normal reference. We compared the ratio of the same regional cerebral blood flow to the cerebellar blood flow before and after the operation for each patient. An increase or decrease in this ratio was used to identify any improvement or deterioration, respectively, of cerebral blood flow. The following events were included: transient ischemic attack (TIA), new infarction, and hemorrhage. Because most of the early patients did not undergo a CT perfusion examination, and some patients had less than 1 year of follow-up, we analyzed only the long-term follow-up data for a subgroup of 331 patients who were admitted between December 2000 and December 2010 (Fig. 1) .
Statistical Analysis
The data were analyzed statistically using SPSS for Windows, version 16.0 (SPSS, Inc.). Continuous and categorical data were compared with the t-test and chisquare test, respectively. Stroke-free survival analysis was performed using Kaplan-Meier curves, with comparisons made using log-rank statistics. A p value of < 0.05 was considered statistically significant.
results
General Patient Characteristics
We identified 528 cases of MMD at Beijing Tiantan Hospital between January 1984 and December 2010. The median (± SD) patient age was 26 ± 13 years (range 2-67 years). The number of new patients diagnosed with MMD in our hospital has increased significantly year by year (Fig. 2 ). There were 282 men and 246 women, for a female/male ratio of 0.9:1. Two definite peaks in age distribution were found for the combined population of male and female patients (Fig. 3 left) .
The initial symptom was ischemia or hemorrhage in 332 and 196 patients, respectively. The majority of ischemic patients presented with TIA; infarction was the second most common presentation for these patients. In patients with hemorrhagic MMD, intraventricular hemorrhage was the most common type, and intracerebral hemorrhage was the second most common. Adults had a higher rate of bleeding than children (50.7% vs 14.0%, respectively; OR 3.60 [95% CI 2.51-5.16]; p < 0.001), whereas ischemia occurred more often in pediatric patients than in adults (Fig.  3 right) . Most patients presented with Suzuki and Takaku angiographic Stage 3 or 4 MMD (58.2%), and 41 (7.7%) patients had unilateral disease. There was no significant difference in angiographic stage between hemorrhagic and ischemic patients (p > 0.05). Patient characteristics are detailed in Tables 1 and 2 .
Baseline Stroke Risk Factors
The baseline stroke risk factors for all patients were established. There were 40 patients with hypertension, 28 with a history of cerebral infarction, 16 with cerebral aneurysm, 10 with diabetes, 47 with a history of smoking or alcohol use, 5 with hyperthyroidism, 20 with sinus arrhythmia, 14 with sinus tachycardia or bradycardia, and 9 with familial MMD. The proportion of patients with a cerebral aneurysm in the hemorrhagic group was higher than that in the ischemic group (p < 0.01). No significant differences in the other risk factors were observed between hemorrhagic and ischemic patients (Table 2) .
Treatment and Outcome
One hundred twenty-two (23.1%) of the 528 patients were treated conservatively, and 92 (75.4%) of them had hemorrhagic MMD. However, of these patients, 8 received craniotomies to evacuate an intracranial hematoma, 3 received external ventricular drains, and 2 received ventriculoperitoneal shunts. Of 13 patients with an aneurysm, 5 underwent aneurysm clipping, 2 had aneurysms that disappeared after revascularization, and 6 were treated conservatively. Of the 122 patients treated conservatively, 2 patients died of cerebral hemorrhage during hospitalization, 10 patients had severe disability (mRS score > 3), and 31 patients had slight to moderate disability (2 ≤ mRS score ≤ 3) at discharge.
Of the 406 patients who underwent surgical revascularization, 186 (45.8%) were treated by direct-bypass STA-MCA anastomosis, including 15 patients who received bilateral procedures. Twenty-six patients underwent an STA-MCA bypass combined with indirect revascularization. Intraoperative indocyanine green angiography was performed in 176 patients. The remaining 194 patients underwent indirect revascularization, including 72 in whom EDAS was performed, 76 who received multiple cranial bur holes, and 46 who received carotid artery adventitial denudation.
In the 186 patients treated with an STA-MCA bypass, postoperative complications included 2 cerebral infarctions, 4 intracranial hemorrhages, 2 seizures, and 5 wound infections. In the 194 patients treated by indirect revascularization, there were 5 subdural hydromas and 4 seizures. No patient died as a result of postoperative complications. For the 186 patients treated by STA-MCA bypass, cerebral blood flow studies were performed in 156 patients at discharge; 117 patients (75%) showed an increase in cerebral perfusion, 21 patients showed no change, and 8 patients showed a decrease. According to mRS scores, 4 patients (2.2%) had severe disability (mRS score > 3), and 18 patients (9.7%) had slight to moderate disability (2 ≤ mRS score ≤ 3) at discharge. There were no significant differences in mRS scores between the indirect revascularization and STA-MCA bypass groups (p = 0.282).
Follow-Up
In total, 331 patients (62.7%) had at least 1 year of follow-up. The median follow-up time was 39 months (range 12-300 months). Of these patients, the initial symptom of There were 33 intracranial hemorrhages (9.9%), 68 TIAs, and 43 new infarctions during the follow-up period. Twenty-five of 60 (41.7%) conservatively treated patients and 8 of 271 (2.9%) surgically treated patients experienced a rebleeding event (OR 23.4; 95% CI 9.8-56.1; p < 0.01). This finding was statistically significant in the KaplanMeier curve of rebleeding between the 2 groups (Fig. 4  left) . Patients with hemorrhagic MMD had a significantly higher rate of rebleeding than patients with ischemic MMD (26.9% vs 2.2%, respectively; p < 0.001) (Fig. 4 right) . Two hundred sixty-seven patients underwent brain perfusion scanning. Of these, an improvement in cerebral perfusion was found in 164 (73.2%) of 224 surgically treated patients and 7 (16.3%) of 43 conservatively treated patients 1 month after discharge (OR 14.1; 95% CI 5.9-33.2; p < 0.01). There were significant differences in the mRS scores between the surgically and conservatively treated patients and between the ischemic and hemorrhagic patients at the time of the latest follow-up. The risk of ischemic events in the surgical group was 18.8%, lower than that for the conservative treatment group (28.3%); however, this difference was not statistically significant (Table 3) .
Of the 104 hemorrhagic patients, 44 patients underwent surgical revascularization, including STA-MCA anastomoses in 25, STA-MCA anastomoses combined with EDAS in 4, EDAS in 6, multiple bur holes in 7, and carotid artery adventitial denudations in 2. Rebleeding was observed in 25 (41.7%) of 60 patients treated conservatively and in 3 (6.8%) of 44 patients who underwent surgical revascularization (1 was treated with STA-MCA bypass, 1 with EDAS, and 1 with multiple bur holes). The rebleeding ratio in patients treated conservatively was significantly higher than that in patients who underwent surgical revascularization (OR 9.7; 95% CI 2.7-35.0; p < 0.01).
Discussion
This large cohort study extends our knowledge of the clinical features, surgical treatment, and long-term outcome of patients with MMD in mainland China. There were mainly two classic presenting symptoms: intracranial hemorrhage, which commonly occurred in adults, and ischemic stroke, which mostly occurred in children. Ischemic symptoms were more common than hemorrhagic symptoms. There were also 2 peaks for the age of onset in Chinese patients with MMD. These epidemiological features of MMD in Chinese patients are similar to those found in reports from Japan and South Korea. 11, 17, 25 In addition, we also found a definite increase in the number of new cases of MMD in our hospital, which may be a result of the increased number of MR or CT angiography examinations performed in patients who experienced relatively mild symptoms. Therefore, the exact incidence of MMD in China is not yet clear and might be even higher.
Some clinical features of MMD determined by this study differed from those in previous reports. First, epidemiological surveys in Japan, America, and Europe have shown that women have a higher incidence than men, with the female/male predominance ranging from 1.8:1 to 4.25:1.
2,3,9,16,17 In the present study, the ratio of women to men was 0.87:1, which is much lower than the ratio reported for other Asian and Western countries. Several studies of Chinese patients with MMD also found that there is no difference in sex distribution.
5,12,20 Second, the peaks for age distribution are somewhat different. MMD has been associated with age-specific infarct patterns.
4 Two peaks for the age distribution of MMD have been demonstrated in Asia. In Japanese studies, the first peak age was between 45 and 49 years, and the second was between 5 and 9 years; the peak for men was 10-14 years of age and for women was 20-24 years.
2, 17 In this study, there were also 2 peaks for age distribution; however, the peak for adult patients was between 36 and 40 years, which is lower than that of the patients in Japan. For children, it was between 6 and 15 years, which is higher than that of the patients reported in Japanese series. We also found that the peaks for age distribution were similar between men and women. Third, the occurrence of familial MMD in our series (1.7%) was much lower than that reported in other countries (approximately 5.6%-15%). However, we believe that because of the underdiagnosis of MMD in China currently, the incidence of familial MMD might have been underestimated.
Although hemorrhagic MMD was less frequent than the ischemic type, it was associated with higher morbidity and mortality rates. The reported mortality rates of initial intracranial hemorrhage in MMD have ranged from 6.8% to 17.9%. 19, 26 The exact causes of bleeding in MMD remain unknown, but the rupture of microaneurysms in the collateral vessels at the base of the skull has been considered the main cause. 10, 13 Histopathological examination has shown that the walls of moyamoya collateral vessels are thinner and more brittle because of fibrin deposition, which is important for microaneurysm formation.
1, 8 In our cohort, only 16 patients (3%) had aneurysms detected on angiography. We believe that many microaneurysms might not be visualized on angiograms. Most of the aneurysms occurred around the circle of Willis and peripheral collateral vessels, and the rate of aneurysm formation in patients with hemorrhagic MMD was higher than that in those with ischemic MMD. Clipping or endovascular treatment of aneurysm is thought to be meaningful in preventing hemorrhage in patients with MMD. However, fewer than half of our patients received surgery for aneurysm. The deep locations, small sizes, and unfavorable morphology of these microaneurysms are the reasons for the difficulty of surgical treatment. Furthermore, some of these aneurysms spontaneously resolved after bypass surgery, which has also been reported in other studies. 15 Overall, for MMD associated with intracranial aneurysms, earlier surgical treatment can be performed if feasible, and, for the aneurysms not suitable for clipping or endovascular treatment, regular follow-up is recommended.
At present, surgical revascularization, which includes either direct STA-MCA bypass or indirect surgery, is the primary treatment for MMD, but both of these procedures are associated with complications. Symptomatic hyperperfusion, transient ischemic injury, postoperative hemorrhage, and seizures can occur after STA-MCA bypass. 6, 15 In this study, 13 (7%) of 186 patients who received STA-MCA procedures developed postoperative complications, which included 2 cerebral infarctions (1.1%), 4 hemorrhages (2.2%), 2 seizures (1.1%), and 5 wound infections (2.7%). Five subdural hygromas (2.6%) and 4 seizures (2.1%) occurred in 194 patients after indirect revascularization. Overall, the incidences of TIA, infarction, and hemorrhage were relatively low. We advocate careful measures, including monitoring of intraoperative and postoperative blood pressure fluctuations, blood flow changes, and anesthesia delivery and application of intraoperative indocyanine green angiography and intraoperative electrophysiological examination. Many studies have confirmed the role of surgical revascularization in the treatment of ischemic MMD. However, surgical management of hemorrhagic MMD is still controversial. The high associated rebleeding and mortality rates are the major causes of poor outcomes for patients with hemorrhagic MMD. 14, 18, 26 Therefore, reducing the occurrence of rebleeding is the most important consideration. In this study, 33 (9.9%) of the followed-up 331 patients experienced intracranial hemorrhage, including 25 (41.7%) of 60 conservatively treated patients and 8 (2.9%) of 271 surgically treated patients. There was a significant difference in the rebleeding rates between patients in the surgical and the nonsurgical groups. However, a major limitation should be noted; all of the conservatively treated patients had hemorrhagic MMD, and patients with hemorrhagic MMD had a higher rebleeding rate than those with the ischemic type of MMD. In this series, 28 of 104 patients with hemorrhagic MMD experienced rebleeding, which was significantly higher than the rate in patients with ischemic MMD (26.9% vs 2.2%, respectively; Fig. 4 right) .
Of the 104 patients, 25 of 60 (41.7%) conservatively treated patients and 3 of 44 (6.8%) surgically treated patients experienced a rebleeding event; the rebleeding rate in revascularization surgery was significantly lower than that in the conservative group. These results suggest that revascularization surgery may be of benefit for preventing rebleeding in patients with hemorrhagic MMD. A recent controlled trial also found that STA-MCA bypass provides a better preventive effect against rebleeding than does conservative care for patients with hemorrhagic MMD.
21
However, of our 196 patients with hemorrhagic MMD, nearly half did not receive revascularization surgery. Therefore, it is necessary to improve the rate of revascularization for patients with hemorrhagic MMD. Several limitations of our outcome data must be noted. First, this study was a nonrandomized retrospective study, and the data were collected over 25 years, during which many diagnostic and therapeutic procedures had changed; therefore, selection bias may exist, and the results cannot completely reflect the epidemiology of MMD in China. Second, only 63% of the patients reached follow-up, and direct clinical follow-up was incomplete for all the patients. Third, it should be acknowledged that the comparison between the surgical group and the conservatively treated group is not scientific, and therefore the apparent advantages of surgery should be interpreted with caution. In addition, long-term follow-up angiographic data were not available for most of the patients who underwent surgical revascularization. Therefore, we were unable to make scientific cerebral blood flow comparisons between the various revascularization interventions. Furthermore, large randomized controlled trials comparing various revascularization interventions are warranted.
conclusions
This study enhances our understanding of the clinical features, treatment, and long-term outcome of patients with MMD in mainland China. There was no difference in the sex distribution of Chinese patients with MMD, and 2 age peaks (6-15 and 36-40 years) were noted; ischemic MMD was the main phenotypic presentation. Adult patients had a higher rate of hemorrhagic presentation than children. Hemorrhagic MMD had a much higher rate of rebleeding and poorer prognosis than the ischemic type. Surgical revascularization procedures can improve cerebral perfusion and have a positive impact on the prevention of rebleeding in patients with hemorrhagic MMD. 
